Due to their operation principle atomic force microscopes are sensitive to all factors affecting the detected force between the probe and the sample. Relative humidity is an important and often neglected -both in experiments and simulations -factor in the interaction force between atomic force microscope (AFM) probe and sample in air. This paper describes the humidity control system designed and built for the interferometrically traceable metrology AFM (IT-MAFM) at VTT MIKES. The humidity control is based on circulating the air of the AFM enclosure via dryer and humidifier paths with adjustable flow and mixing ratio of dry and humid air. The design humidity range of the system is 20 -60 %rh. Force-distance adhesion studies at humidity levels between 25 %rh and 53 %rh are presented and compared to an atomistic molecular dynamics simulation. The uncertainty level of the thermal noise method implementation used for force constant calibration of the AFM cantilevers is 10 %, being the dominant uncertainty component of the interaction force measurement uncertainty. Comparing the simulation and the experiment, the primary uncertainties are related to the nominally 7 nm radius and shape of measurement probe apex, possible wear and contamination, and the atomistic simulation technique details. The interaction forces are of the same order of magnitude in simulation and measurement (5 nN). An elongation of a few nanometres of the water meniscus between probe tip and sample, before its rupture, is seen in simulation upon retraction of the tip in higher humidity. This behaviour is also supported by the presented experimental measurement data but the data is insufficient to conclusively verify the quantitative meniscus elongation.
Introduction
Atomic force microscopy (AFM) is a versatile technique, capable of measuring samples in air and other fluids as well as in vacuum. AFM can be used to measure e.g. nanoscale topography, material boundaries, and for elasticity mapping. The interaction between an AFM probe and a sample at ambient air conditions is strongly affected by the ambient air humidity. The interaction is dominated in dry air by electrostatic and Van der Waals forces, while increasing the relative humidity leads to capillary forces becoming dominant, especially for hydrophilic surfaces [1] . While air humidity can complicate AFM measurements by e.g. condensing a capillary meniscus between probe and sample and thus contributing to the interaction force and changing the apparent sample topography [2] , adjusting relative ambient humidity can even be exploited, for example, to get better hydrophilic/hydrophobic material contrast [1] and to manipulate frictional forces [3] .
Because of its importance in AFM measurement, the capillary force has been researched in several studies [3-8, and references therein]. The liquid bridge forming between two bodies in proximity, at a certain humidity level, and the capillary force caused by this meniscus, can be described by continuum theories [9] . However, for true nanoscale objects, or nano-structured surfaces, such analytical models fail to take into account the atomistic details of the interactions of both objects as well as the water. Atomistic molecular dynamics simulations using classical interaction potentials have been used extensively to study the properties of bulk liquid water [10] , as well as water at hard hydrophilic and hydrophobic surfaces or at the water/air interface [11] [12] [13] , dynamics of water adsorption on surfaces as a function of relative humidity [14] , intersurface forces caused by liquid bridges [15] , the structure and thermodynamics of water in sub-nanometer gaps [16, 17] , the mechanical effect of the presence of water layers on nano-indentation [18] , or the imaging mechanism of surfaces and their hydration layers by AFM in liquid [19, 20] .
As a part of the MechProNO project [21] , interaction forces and mechanical properties of nano-objects were experimentally studied with the interferometrically traceable metrology AFM (IT-MAFM) at MIKES [22] . In order to control the humidity in the IT-MAFM enclosure and to better understand and traceably measure the interaction force in the AFM at different humidity levels, a humidity control system was designed and implemented.
In this paper we first present the upgrade of the IT-MAFM to a humidity controllable metrology AFM, including a relatively large humidity controlled enclosure for the instrument. Then, benchmark adhesion measurements on a silicon sample with a platinum coated and an uncoated silicon probe at different relative humidities in the 25 -50 %rh range are described. Finally, atomistic molecular dynamics (MD) simulations of a similar experiment are presented, and compared to the adhesion measurements, with discussion of the designs and results.
Humidity control of the MIKES metrology AFM
The humidity controller developed for IT-MAFM is based on controlling humidity around the whole AFM and not just around the probe and sample, in contrast to designs with more localized humidity control [1, 4] . The IT-AFM and controller are situated in a vibration isolated table in an air conditioned laboratory room with constant air temperature of 20±0.05 °C and humidity of 47±2 %rh [23] . The AFM is placed in an enclosure with enhanced sealing to prevent water vapour exchange with ambient air. To adjust the humidity, the enclosure is connected to a closed air circulation with a humidity controller. Enclosing larger sections of the AFM instrumentation provides e.g. easy access to sample between experiment runs and allows for the study of bulkier samples. In addition to slower steering and slower changes in humidity, however, the larger enclosure exposes parts of electronics, optics and other components to changing humidity, as mentioned by Stukalov et al. [4] . The target range in this design was from 20 %rh to 60 %rh, which was considered suitable for all the components in the enclosure.
Humidity control
The AFM humidity control applies the well-known principle of controlled mixing of a humidified air with a dried air. By adjusting the rotameters controlling the flow rates, any air humidity between a minimum and a maximum can be achieved. The limits are set by the dryer and humidifier efficiencies, respectively. The same principle is applied in e.g. the pre-saturator of a humidity generator developed for humidity calibrations by Sairanen et al. [24] .
In the AFM humidity control air is divided into two lines as shown in figure 1 . One of the lines leads to a humidification chamber where air flows over a water surface and is humidified by evaporation. The dewpoint temperature of the humidified air increases at maximum up to about 17 °C, depending on the flow rate and the water level in the chamber. In the other line air flows through a silica gel drying unit where a minimum dew-point temperature of about -40 °C is achieved depending on the flow rate and the condition of the desiccant. Therefore, the system operates in the relative humidity range from 0.5 %rh to 80 %rh at the MIKES laboratory temperature of 20.0 °C. An auxiliary hygrometer (Vaisala HMI 31) assembled to the outlet of the humidity control is used to estimate the condition of the silica gel drying unit, and to estimate efficiency of the humidification and to help adjusting the humidity at the AFM. To prevent silica gel particles and other impurities from flowing to the AFM, a 7 µm filter was assembled to the outlet of the humidity controller. 
Humidity controlled AFM enclosure
To enable efficient humidity control in the AFM enclosure, air is pumped in a loop between the enclosure and the flow mixing system. The normal flow rate is about 4 l/min -5 l/min. Humidity around the AFM head is monitored with a calibrated Vaisala PTU200 hygrometer. This primary humidity sensor is located within approximately 7 cm from the AFM probe and sample. The expanded (k=2) standard uncertainty of the hygrometer calibration in the humidity and temperature range used was less than 1.5 %rh. The inner dimensions of the AFM enclosure are about 45 cm × 45 cm × 75 cm. Based on measurements, the temperature at the primary humidity sensor differs less than 0.5 °C from the AFM sample stage temperature. This leads to additional 1-2 %rh uncertainty to the humidity at the sample in the cases studied, or less, with smaller temperature gradients.
A key part of the AFM enclosure is a tight sealing. Most of the potential spots of water vapour diffusion are sealed with aluminium tape. Also, components that would slow down the stabilization of humidity are sealed if possible. The input laser beam for the interferometers is guided to the enclosure via an optical glass window. Electrical cables and optical interferometer output fibres are guided via apertures sealed with synthetic rubber foam, aluminium tape and adhesive putty. Due to the extremely low air velocity in the enclosure, slow water vapour diffusion in air and adsorption/desorption on walls, fully stable and homogenous humidity is not feasible. This is naturally also because of residual humidity leaks between laboratory air and enclosure. However, in terms of relative humidity, the largest contributor of inhomogeneity over the whole enclosure are temperature differences, which were also addressed earlier in this subsection. The major heat sources (electronics) are located above and downstream relative to the sites of AFM and humidity measurement, limiting their effects to relative humidity in the measurement sites. The warmer parts of the AFM head tower reach temperatures in the 23-24 °C range. The achievable relative humidity values are limited at the extremes to a minimum of 20 %rh and maximum of 60 %rh. Figure 3 demonstrates the stabilisation of humidity in the enclosure after supplying air from the dryer to the enclosure originally at the ambient humidity (the ambient relative humidity in the enclosure is also lower than the laboratory air since the enclosure is warmer due to electronics, and in figure 3 the enclosure has been already dried a bit before the start of the recording). In this case the temperature at the sample decreased during experiment from 22.41 to 22.32 °C. The time constant, assessed as the duration when half of the humidity change towards an asymptotic value has happened, seems to be approximately 0.5 hours. During a full range humidity change experiment, the temperature in the AFM enclosure remained stable within 10 mK at 22.28 °C at the measurement site, after warmup of the instrument. An approximately linear drift of the temperature with humidity was observed within the 10 mK range. The AFM noise level with humidity control on at full drying, measured from the Z interferometer signal when measuring a flat sample with 0×0 scan area, is approximately 1.0 nm (rms) or less, depending on sample and AFM control settings. The air refractive index for interferometry is updated online in the software of the IT-MAFM, based on measured temperatures near the interferometer paths, and the pressure and humidity measured by the primary humidity sensor. The effect of relative humidity on the refractive index is of smaller order of magnitude than the effects of pressure and temperature, which can be seen using e.g. the Edlén equations [25, 26] . For example, a humidity change from 40 to 50 %rh causes only a less than 10 -7 relative change in refractive index. With the millimetre-level interferometer dead paths (and micrometre-level measured displacements) in the system, this corresponds to an insignificant subnanometre uncertainty contribution, although the phase of the periodic interferometer error may change, resulting in this case in a more significant uncertainty source (described more in the experimental section). 
Force-distance adhesion measurements
In order to study the interaction between AFM probe and sample in different humidities, force-distance, or force-displacement measurements were conducted. First a test result using a palladium coated wide-apex probe with a compliant, i.e. flexible, cantilever is shown. Then two experiments with sharper silicon tips with higher stiffness are then presented. The relatively sharp silicon probe and the silicon sample were selected based on availability of suitable materials that could be easily modelled with the atomistic molecular dynamics simulation. In all the experiments, the sample vertical movement speed was between 1 nm/s and 20 nm/s. The sampling rates used for the presented data were approximately 10 Hz (and each data point is an average of data collected during an averaging window of approximately 20 ms). The humidification chamber of the humidity controller was slightly heated with a thermoelectric element to help attaining the highest humidities used. The traceability of the sample position measurement comes directly from the calibrated laser wavelength used in the interferometers [22] .
Platinum coated probe
In this first test, a platinum coated wider probe (APPNANO ANSCM-PC) with a nominal tip apex radius of 30 nm and stiffness of 0.1 N/m was used to touch a silicon sample. In this case, tip detaching results in the familiar discrete jump out of contact often seen with low-stiffness probes, when the vertical force gradient of probe-sample force is steeper than the deflection force gradient due to the force constant of the probe. In figure 4 , the amplitude of this jump in cantilever deflection has been plotted against time, with the relative humidity measured with the primary humidity sensor. The inset graph shows the observed form and hysteresis of the pull-off jump amplitude plotted against relative humidity instead of time. With low-stiffness uncoated silicon probes the maximum force was much less reproducible, changing erratically and randomly (results not shown).
The maximum pull-off force increases with increasing humidity, and then decreases with decreasing humidity, but does not return to the original level like the humidity does. This is possibly due to tip wear during experiment. Our implementation of the thermal noise method [27, 28] used for calibrating the force constant of the cantilever has not been verified with this low cantilever stiffness, so the force scale is not absolute. Figure 4 . The maximum pull-off force of the platinum coated tip from silicon sample, and relative humidity, during repeated approach-retract adhesion measurements, shown against experiment duration time axis. The inset shows the pull-off force plotted against relative humidity.
Silicon probe and sample
In these experiments PPP-FMR mid-stiffness probes from Nanosensors, with < 7 nm nominal apex curvature radius, were used in the AFM head for repeatedly touching the underside of another uncoated silicon probe "chip". The AFM chip used as sample was PPP-FMR in experiment A and PPP-NCHR in experiment B. The calibration of tip deflection scale of the AFM photodetector was done via pushing the probe against the silicon sample, and measuring simultaneously the sample stage vertical movement with the vertical (Z) laser interferometer of the IT-MAFM, and the tip deflection "A-B"-signal from the position sensitive photodetector (PSPD) -i.e. similarly to the adhesion measurement but with higher maximum contact force, and by assuming the tip apex and sample as infinitely stiff in this force scale compared to the cantilever stiffness.
After PSPD calibration, in both experiments, the force constant of the cantilever used was measured with the thermal noise method [27, 28] as k A = 1.0 N/m for the PPP-FMR probe used in experiment A and k B = 1.1 N/m for the PPP-FMR probe used in experiment B. Cantilevers of similar order of stiffness were also measured at the Physikalisch-Technische Bundesanstalt, Germany, using a precision compensation balance [29, 30] , and the agreement with our implementation of the thermal method for those cantilevers was within 10 %. This is assumed to be the dominating uncertainty component in the presented force measurements.
The experiment was conducted so that first, after aligning the sample below the probe, the AFM enclosurewas steered to 25 %rh, and then the probe was repeatedly approached to and retracted from the sample by moving the sample stage vertically. During the repeated vertical scanning the humidity was first increased to slightly over 50 %rh and then reduced back close to 25 %rh. The range of scanning was kept such that the probe cantilever will slightly touch the sample, and thus bend upwards, in the highest sample position. Temperature near the AFM head was approximately 22 °C in the measurements in experiment A and 23 °C -24 °C in experiment B. Each approach-retract cycle was done during approximately 2 minutes, and the whole experiment, starting from initial drying, then gradual humidification and dehumidification, took approximately 4 hours. In these experiments the sample was scanned fully vertically instead of scanning orthogonally to the AFM cantilever plane. The speed of the sample vertical movement was less than 10 nm/s, and the tip-sample contact time of several seconds before retraction should be long enough for the liquid bridge to stabilize [6] . The velocity of the tip apex relative to sample was more variable due to the variable bending of the probe cantilever by the interaction forces, especially during snap-in and pull-off type events. In addition to handling with tweezers, the previously unused PPP-FMR probes were not treated or cleaned in any way after removing them from their package, which can possibly affect their properties, if e.g. the Gel-Pak packaging deposits some oil on the probes [31] . The PPP-NCHR probe used as a target sample in experiment B was a steel plate mounted version sold in a plastic packaging box. Figure 5 shows examples of the force-displacement (f-d) curves when humidity is first increased and then decreased, for experiments A and B. In the tip-sample distance, the tip movement due to cantilever deflection has been subtracted from the interferometrically measured vertical sample position. The graphs have been shifted to match vertical and horizontal parts of curves, to reduce the effect of drifts. In experiment B a drift compensation has also been done on the position axis scale. The drift was estimated from successive scans comparing the observed sample surface position drift in the interferometric coordinates. Stage capacitive sensors were not drifting relative to interfereometers, but the sample surface observed by the AFM head PSPD and Z interferometer was hundreds of nanometres higher in higher humidities, probably due to some mechanical response in e.g. the AFM head to the air humidification and dehumidification in both experiments. Humidities are bit lower on average in experiment B since the instrument was running approximately 1.5 °C warmer due to difference in electrical configuration (AFM head and camera stepper motor brakes were left open, although steppers were not used during measurement. The stepper motor brakes, situated above the AFM head, have an electric current flowing in the solenoid coils when left open. This heats the air circulated in the system, and also slightly warms the AFM head and sample by the heat conducted downwards via the (Invar) steel structural elements of the instrument). The higher probe stiffness combined with smaller interaction force, compared to the platinum coated tip test, usually makes it possible to continuously lift the probe apex relative to the sample, instead of just jumping out of contact, especially in experiment A. Tip-sample distance / nm a) Figure 5 . Examples of f-d curves measured a) in experiment A and b) in experiment B. Red/gray indicates approach (loading) and black retraction (unloading) of probe from sample, respectively. The legend indicates the measurements' chronological order, starting from top, first increasing and then decreasing in humidity.
The results of experiments A and B should be ideally similar in all aspects, but clearly there are quite large differences in these two experiments. The peak forces are of similar order, on average somewhat higher in experiment B. During the experiments, forces grow stronger probably due to tip wear. One of the most important differences is that in experiment A the retraction distance needed for the interaction force to "vanish", the break-free distance, is on average twice the length seen in experiment B. Also, in experiment A the variation of this distance is larger, and the variation is not fully systematic with humidity or time. In experiment B the repeatability between consecutive curves in the data was better. Also the stronger peak force in snap-in compared to retraction seen in experiment A is absent in experiment B.
Differences between measurements A and B include, in addition to different probe chip as target and slightly differing temperatures, the fact that different computer program and electronics were used to drive the AFM Z piezo, although recording of PSPD and interferometers was done with the same system in both experiments.
The periodic nonlinearity of the Z laser interferometer was not corrected by measuring a periodic correction in this experiment partly because of the changing ambient conditions in the enclosure. In this measurement's short length scale, this causes an additional uncertainty of mainly Z scale amplification coefficient, of approximately 5% with the instrument.
Atomistic molecular dynamics simulation
Models of various complexity exist to predict the size and shape of the meniscus forming between two objects of a given geometry and material, at given relative humidity [7, 9] . While such simple continuum models usually work well for length scales above tens or hundreds of nanometres, they do not take into account the atomistic details of the interface region and the water molecules covering the surfaces and give no information about the dynamics of meniscus formation or rupture, and may not be valid down to nanometre length scales. We have therefore chosen to compare our experimental results from the humiditycontrolled AFM measurements to atomistic simulations of a model system, described below.
Simulation setup
The silicon tip and sample surfaces, as used in experiment, are covered in several nanometres of a native oxide layer (SiO 2 ), which in turn reacts with water in humid air to form silanol groups (Si-OH). The possibility to form hydrogen bonds between the surface silanol groups and water molecules present in humid air are the reason for the hydrophilic property of this material. We have therefore chosen to model both tip and surface from silicon dioxide, with full silanol coverage at the surfaces. The AFM tip apex is modelled as the lower part of a sphere of radius 5 nm and height 3 nm. In order to simulate different humidity conditions, we have covered the surfaces with water layers of appropriate thickness, determined by IR spectroscopy experiments. The variations between the experimental values for the thickness of the water layer on silicon dioxide in literature are small [32] [33] [34] , and we have chosen heights of h = 0.6, 0.8, and 1.0 nm to represent 20, 40 and 60 %rh, respectively. The silica slab measured approximately 17.5 nm × 17.5 nm × 1.0 nm, and the height of the simulation box was 20 nm, which was deemed large enough to avoid spurious interactions through periodic boundary conditions. Depending on the humidity, the systems (illustrated in figure 6 ) consisted of 55959, 66669, or 77478 atoms. The ClayFF force field [35] was used to describe SiO 2 /SiOH/water interactions, and SPC/Fw [36] for water-water interactions, which reproduce the properties of the silica/water interface [37, 38] , and bulk water [36, 39] reasonably well. The tip approach and retraction was simulated with steered MD, using the LAMMPS code [40] with the PLUMED plug-in [41] . The tip was initially placed at d = 5.5 nm above the surface, and then slowly pulled to d = 1.5 nm and retracted back to d = 7.5 nm, in a moving harmonic spring of force constant k = 500 eV/Å along z, perpendicular to the surface Additional harmonic constraints with a force constant of 100 eV/Å along x and y were placed on Si atoms in the tip to avoid lateral drift. Similarly, harmonic constraints along x, y, and z were placed on Si atoms in the slab, to immobilize it with respect to the frame of reference of the simulation box. The rate of pulling was 1 nm/ns, and a Nosé-Hoover thermostat was used to maintain a temperature of 300 K in the system. 
Simulation results
The force-distance curves obtained along approach and retraction of the tip at 20 %rh, 40 %rh, and 60 %rh are presented in figure 7 . The general shape of the curves is similar for all three humidity values considered: initially, while the tip is far away (positions 1), the forces are close to zero. Upon approach, the water layers covering tip and surface are brought closer together, until a thermal fluctuation of a water molecule at the liquid/air interface leads to the formation of the meniscus (positions 2). The formation of the meniscus coincides with the appearance of attractive capillary forces between tip and sample, which increase with decreasing tip-sample distance, and growth of the meniscus, until the closest tip approach in the simulation is reached, and the tip is subsequently retracted (positions 3). When the tip reaches the distance at which the meniscus was initially formed upon approach, a much larger meniscus is now observed (positions 4). The tip needs to be retracted several nanometres further, before the rupture of the meniscus can be observed, and the force vanishes again (positions 5). The meniscus breaks when the force exerted on the neck breaks the few remaining hydrogen bonds. After the rupture of the meniscus, the forces return to zero and the water layers on the tip and surface re-equilibrate until the final positions in the simulations are reached (positions 6). As expected, the meniscus forms and breaks at larger distances, when the humidity is higher, and more water molecules are present in the system. We also observe that the difference between the tip-surface distance where it forms (d on ) and ruptures (d off ) increases with humidity: the meniscus can be extended by 2.5 nm, 3.0 nm, and 3.6 nm at 20 %rh, 40 %rh, and 60 %rh, respectively. We also observe an increase in the magnitude of the attractive capillary forces at similar tip-sample distances with increasing humidity, however the difference in maximum force observed at 20 %rh and 60 %rh is only around 10 %. (1), the formation of the meniscus (2), the closest tip approach (3), the meniscus when the tip is retracted back to the same distance where it was originally formed (4), the rupture of the meniscus (5), and the final configuration (6) . The difference in tip-sample distance between positions (2) and (5) marks the maximum elongation of the meniscus at that RH value.
Discussion
In the measurements of experiment A with a silicon probe and sample, with both increasing and decreasing humidity, the highest humidity provides the longest break-free length, and driest or second-driest provides the shortest. The repeatability of the adhesion measurements with the silicon probe could be possibly enhanced by averaging several f-d curves and by ensuring that no contaminants interfere with the measurement, or on the other hand, by limiting tip wear during repeated contacting. In experiment A the break-free lengths seem not to be fully ordered according to humidity. One could argue that the average increase in break-free length in figure 5a is a few nanometres, almost in accordance with the simulation, or on the other hand, that the driest humidity curve is an anomaly due to contamination on the sample or tip and the meniscus elongation is larger. The measured break-free distance in experiment A is also quite long compared to other studies [3] .
In experiment B the observed shape of the force curve and break-free distance are in better accordance with the simulation results presented, and the repeatability between successive f-d measurements was better than in experiment A, where in the humidification phase we also measured some curves with erratic shapes not shown in the results. In experiment B however, the gradients of the interaction forces are close the regimen where a sudden jump off contact, or pull-off, happens, making the number of data points on the rising part of the unloading, or retraction, curve so low that analysis of the meniscus elongation is more difficult.
In experiment B the break-free length observed in the second-last curve (36 %rh) after the maximum humidity appears to be the longest, but analysed the same way as the simulation results, i.e. as the difference between meniscus formation and breaking, this difference becomes negligible. We also note that the interaction strengths as e.g. pull-off forces can present several local maxima or parabolic shapes as function of relative humidity [5] . The larger variation in pull-off force with hydrophilic probe and silicon sample when relative humidity is changed, e.g. as reported by He et al. [42] , occurred close to 50 rh%, which is at the end of the humidity range used here. Also, it is possible that the Gel-Pak storage has rendered the AFM tips more hydrophobic.
The differences in results between experiments A and B are so far not fully understood. Possible contributions include different contamination of tip and sample as well as stage vibration. On average the interaction force seems to be increasing during experiments due to tip wear in the test with the platinum coated tip as well as in both the experiments A and B with uncoated silicon probes. More work is needed to reduce the apparent tip wear during experiments. In the future, a measurement of the tip apex size, using e.g. a surface with suitable nanoroughness imaged before and after an experiment, could help in determining the total amount of tip wear and the tip size. Also using a gentler sample approach and smallest possible maximum force could reduce the tip wear. Furthermore, it would be beneficial to study the need for and effect of cleaning treatments for probes before measurements.
The atomistic simulations of a model system of AFM tip and sample of similar dimensions in humid air agree in several aspects with our experimental results. We observe the two distinct curves along approach and retraction with a clear signature of formation and breaking of a meniscus between tip and sample. The c a p i l l a r y f o r c e s d ue to t h e m e n i sc u s a r e o f t h e s a m e o rd e r o f m ag n i t ud e a s i n e x pe r i m e n t ( se v e r a l nanonewtons), and increase slightly with relative humidity. The maximum elongation of the meniscus (the difference between the distance where the meniscus forms and breaks) also increases with humidity. The measurement results presented are somewhat inconclusive on this elongation, and there are uncertainty factors in both in the simulation and experiment related to meniscus elongation. The factors include trivial differences that may exist between simulated system and experiment (the tip radii are most likely different, and the shape of the apex is probably not perfectly spherical), but there are also two limitations in the computational method employed: first, our simulations were carried out at constant number of particles (NVT ensemble), which means that diffusion of water molecules from the liquid layers originally present on tip and sample was the only source of water molecules for growing the meniscus. In reality, water at the interface is in equilibrium with the gas phase, and water molecule depletion in the liquid layers can be compensated through condensation, sustaining the growth and postponing the rupture of the meniscus upon tip retraction. In addition, the pulling rate of 1 m/s in the simulation is many orders of magnitude faster than in experiment. In fact, the forces on the tip during approach, before the formation of the meniscus, are on average slightly repulsive -an indication that the pulling speed is too large. This also means that upon retraction of the tip, the meniscus may be stretched faster than water molecules can diffuse into it from the surfaces, which leads to a preliminary rupture of the meniscus. In a future study, these issues could be addressed by carrying out simulations with slower pulling speeds and in the grand canonical ensemble, where the number of water molecules is adjusted to keep the chemical potential constant with respect to the chosen value of the relative humidity. Such methods are computationally more expensive, and have in the present context only been applied to simpler lattice-gas systems [8] , or atomistic systems at smaller scales [43] .
Conclusion
A humidity control system for the metrology AFM at VTT MIKES was designed and implemented. The developed instrument permits humidity controlled metrology AFM measurements with direct laser interferometric sample position measurement. Adhesion measurements with platinum coated and uncoated silicon probes on silicon samples were performed, and an atomistic molecular dynamics simulation was set up, modelling an experiment similar to the measurements with the uncoated silicon probe. The test with a wider platinum coated probe demonstrated the measurement of effects of relative humidity on the maximum pull-off force with the humidity controlled metrology AFM.
In the experiments with uncoated silicon probes the use of stiffer, relatively sharp silicon probes, along with the molecular dynamics simulation, provides a more detailed view on the evolution of the water meniscus compared to studies with soft cantilevers that show discrete pull-off jumps, and compared to modelling capillary processes based on continuum theories. We observe similar behaviours in the experiments with uncoated silicon probes on silicon samples in the 25 -53 %rh range, and the atomistic simulations at 20, 40, and 60 %rh. Maximum attractive forces were of similar order of magnitude -approximately 3 nN in the simulations and 2-4 nN in the beginning of repeated f-d measurements, subsequently increasing to 7-9 nN, probably mostly due to tip wear. The atomistic simulations show hysteresis similar to experiments in forcedistance curves between approach and retraction, and enable us to 'see' the details of meniscus formation and rupture. The measurement results further agree with the simulation in that the maximum capillary force is not strongly affected by the relative humidity, whereas the maximum length of the water bridge between sample and tip before rupture upon tip retraction may depend more strongly on the relative humidity, in the range of relative humidity studied. So far however, the variability in the presented measurements, the unknown true tip apex geometry, as well as the limitations of the simulation method, make a quantitative comparison of the meniscus elongation results difficult.
